Introduction
Hedgehog (Hh) signaling is implicated in cancer formation in multiple tissues (Ruiz i Altaba et al., 2002; McMahon et al., 2003; Pasca di Magliano and Hebrok, 2003; Beachy et al., 2004) . Normally, Hh signaling is initiated through binding of the Hh ligand to the 12 transmembrane domain protein Patched 1 (Ptch1). This antagonizes Ptch1 activity and allows the seven transmembrane domain protein Smoothened (Smo) to transduce the Hh signal, eventually leading to activation of the Gli family of zinc finger transcription factors whose combinatorial activities are believed to direct the entire transcriptional output of the Hh signal (Ingham and McMahon, 2001; Lum and Beachy, 2004; Briscoe and Therond, 2005; Hooper and Scott, 2005) . In mammals, there are three Gli proteins, all of which contain an activation domain located at the C-terminus. Gli1 appears to function solely as a transcriptional activator and potentiates the Hh signal, while Gli2 and Gli3 also contain an N-terminal repression domain (Sasaki et al., 1997 (Sasaki et al., , 1999 Ruiz i Altaba, 1999) . Gli2 and Gli3 can be cleaved via limited proteolysis in the absence of the Hh signal to generate truncated proteins that lack the C-terminal activation domain (Dai et al., 1999; Aza-Blanc et al., 2000; Wang et al., 2000) . Consequently, Gli2 and Gli3 appear to have the capacity to both activate and repress transcription (Dai et al., 1999; Aza-Blanc et al., 2000; Pan et al., 2006) , although it is not clear to which extent each function of the Gli proteins is required in vivo (Ingham and McMahon, 2001; McMahon et al., 2003; Nieuwenhuis and Hui, 2005) . Hh signaling and Gli processing involves the primary cilia (Huangfu and Anderson, 2005; Liu et al., 2005; May et al., 2005) , kinase-mediated phosphorylation, and the proteasome (Wang and Li, 2006 ) although the precise site and mechanism of downstream Hh signaling events and Gli proteolysis remains to be fully elucidated.
Hh pathway activation and increased Gli expression have been observed in different tumors. For example, haploinsufficiency of Ptch1 causes Gorlin syndrome, which is associated with very high rates of basal cell cancer, as well as increased incidences of medulloblastoma and various sarcomas including rhabdomyosarcoma (Gorlin, 1987; Watson et al., 2004) . Mice that are haploinsufficient for Ptch1 are a model of Gorlin syndrome and also exhibit increased incidences of medulloblastoma and rhabdomyosarcoma (Hahn et al., 1998) , while developing basal cell carcinoma upon exposure to ultraviolet or ionizing radiation (Aszterbaum et al., 1999) . Tumors that occur with increased frequency in both human and mouse Ptch1 haploinsufficiency show evidence of elevated Hh signaling and Gli1 expression (Toftgard, 2000) . However, the mechanism whereby elevated Hh signaling produces tumors in specific cellular contexts is not fully established, which reflects a limited understanding of how Hh signaling regulates cell fate in normal development.
Rhabdomyosarcoma is an appealing tumor model because it has previously been used to study pathways that regulate both tumor formation and tissue-specific differentiation (Guo et al., 2003; Sirri et al., 2003) . Rhabdomyosarcomas exhibit aberrant muscle differentiation while universally expressing members of the MyoD family of basic helix-loop-helix (bHLH) proteins (Hahn et al., 1998; Kappler et al., 2004) , which are required for specification and differentiation of the muscle lineage during normal development (Buckingham, 2001; Buckingham et al., 2003) . MyoD family members function through preferential heterodimer formation with the E proteins to activate transcription of skeletal muscle genes containing an E-box element via DNA binding (Massari and Murre, 2000) . A model has emerged where inhibition of MyoD-mediated muscle gene expression and terminal differentiation is a requisite step in the generation of rhabdomyosarcoma (Merlino and Helman, 1999; Puri and Sartorelli, 2000) . Hh signaling is known to regulate multiple aspects of normal myogenesis, including the initiation and maintenance of MyoD family expression, the development, survival and proliferation of the epaxial and hypaxial muscle lineages, and the selection of muscle fiber type (Munsterberg et al., 1995; Borycki et al., 1999; Kruger et al., 2001) . Moreover, elevated Hh signaling has recently been observed in sporadic cases of embryonal rhabdomyosarcoma (Blandford et al., 2006; Tostar et al., 2006) , in addition to the rhabdomyosarcoma formation that is associated with Ptch1 haploinsufficiency. However, a precise mechanistic understanding of how the Hh signal modulates normal skeletal muscle development and promotes rhabdomyosarcoma formation does not exist.
Here, we report that Gli1 and Gli2 have the capacity to inhibit myogenic differentiation in rhabodmyosarcoma cell lines and in C2C12 myoblasts. The mechanism of inhibition by Gli proteins includes repression of the capacity of MyoD to activate transcription, which is believed to be a critical step in the development of rhabdomyosarcomas. We propose that Hh signaling and the Gli proteins modify terminal differentiation and promote cancer formation by modulating the activity of tissue-specific factors such as MyoD.
Results

Myogenic cell lines derived from Hip1
þ /À and Ptch1
mice developed rhabdomyosarcomas at a frequency of 2-10% depending on the genetic backgrounds (Hahn et al., 1999) . Mice haploinsufficient for Hip1, a gene whose protein product binds to Hh proteins and negatively regulates their activities (Chuang and McMahon, 1999; , also developed flank masses at a low frequency (Gerber and Chuang, unpublished) . Histologic analysis of portions of excised tumors confirmed the presence of typical features of rhabdomyosarcoma including aberrant myogenic differentiation (Figure 1a-d) . Taking advantage of the b-galactosidase gene knocked in to the mouse Ptch1 genomic locus , we used X-gal staining to determine the transcriptional activation status of the Ptch1 locus, which is a faithful marker of Hh pathway activation Marigo et al., 1996) , in one of the excised Ptch1 þ /À rhabdomyosarcomas. Numerous cells stained positive with X-gal (Figure 1g ), in contrast to normal muscle tissue from Ptch1 þ /À animals ( Figure 1h ), indicating elevated transcriptional activity at the Ptch1 locus in tumor tissue in vivo. Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) revealed that Gli1 message was expressed at higher levels than Gli2 in primary tumor tissue (Supplementary Figure 1) . This is consistent with previous characterizations of elevated Hh pathway activity and Gli1 expression in Ptch1 þ /À rhabdomyosarcomas (Hahn et al., 1998; Kappler et al., 2003) .
As rhabdomyosarcoma cell lines have been used previously to study oncogenic pathways, we generated cell lines from flank masses that occurred in Ptch1
and Hip1 þ /À mice. The masses were removed within their capsules, making contamination from surrounding tissue unlikely. We selected one rapidly growing Hip1 þ /À line (RMH) and one Ptch1 þ /À line (RMP) for subsequent analysis. Surprisingly, both lines were highly myogenic (Figure 1i and j), in contrast to previous studies of rhabdomyosarcoma lines such as the human-derived RD and Rh30 lines (Figure 1k and l) that fail to fully differentiate (Tapscott et al., 1993) . Northern blot analysis confirmed ongoing transcription of high levels of myosin heavy chain (MyHC) in both the RMP and RMH lines (Figure 1m ). In contrast, Gli1, which was detected previously in primary rhabdomyosarcoma tissue from Ptch1 þ /À mice (Kappler et al., 2003) , was only weakly expressed in RMP and RMH cells, but was easily detected in the nonmyogenic Rh30 line (Figure 1m ), which harbors a chromosomal amplification that spans the Gli1 locus, among other abnormalities (Fiddler et al., 1996) . Ptch1 , was not detected in either the RMP or RMH lines as determined by both Northern analysis and X-gal staining (not shown). This is consistent with reports that the Hh pathway can be downregulated ex vivo in Ptch1 þ /À medulloblastoma (Romer et al., 2004) and in other Ptch1 þ /À rhabdomysarcomas (H Hahn, personal communication).
Inhibition of myogenic differentiation by activation of the Hh pathway
It was intriguing that in contrast to the primary tumors, cell lines derived from Ptch1 þ /À and Hip1 þ /À rhabdomyosarcomas exhibited both reduced Hh pathway activity and apparently increased myogenic differentiation. One possibility is that the ex vivo RMP and RMH rhabdomyosarcoma cell lines have less exposure to the Shh ligand. To test this, we cultured RMP and RMH cells in Shh-conditioned media and used immunohistochemistry to assess for myogenin (Mgn) expression (red, Figure 2a and b), which is an early marker of myogenic differentiation. Concomitantly, we assessed localization of Smo to the primary cilium (green, Figure 2a and b), which serves as a sensitive marker of mammalian Hh pathway activation in individual cells (Corbit et al., 2005) . We found that localization of Smo to the primary cilium in individual cells was negatively correlated with detectable myogenin expression ( Figure 2e ) also failed to express MyHC (red, Figure 2e ), were mononucleated, and lacked typical myotube morphology. Transfection of either a Gli1 or a Gli2 expression plasmid also reduced the activity of a second MCK reporter, MCK-luciferase (luc), in RMP ( Figure 2f ) and RMH cells (Figure 2g ). In contrast, Gli3, which is generally associated with repression, rather than activation, of Hh signaling, had no effect on þ /À and Ptch1 þ /À mice, respectively, in comparison to two human rhabdomyosarcoma cell lines, RD and Rh30. The RMP (i) and RMH (j) lines both exhibited extensive myotube formation and expressed myosin heavy chain (MyHC) (red) and sarcomeric actin (not shown), markers for terminal differentiation. In contrast, in the RD (k) and Rh30 (l) lines, only occasional mononucleated cells that expressed sarcomeric actin (red) and MyHC (not shown) were observed. (m) Northern blot analysis of gene expression in the rhabdomyosarcoma cell lines used in this study. The RMH and RMP lines both expressed high levels of MyHC, but only low levels of Gli1 message. In contrast, the Rh30 line expressed moderate levels of Gli1 while the RD line did not. Both of these human rhabdomyosarcoma lines do not exhibit terminal differentiation. The expression level of the housekeeping gene GAPDH serves as the loading control.
MCK-luc activity. These results demonstrate that Gli1 and Gli2, which both generally potentiate Hh signaling, have the capacity to inhibit differentiation of the Hip1 þ /À and Ptch1 þ /À rhabdomyosarcoma cell lines.
The ability of Gli1 and Gli2 to inhibit muscle gene expression was not due to a generalized repression of transcription as both Gli1 and Gli2 activated the Gli reporter 8xGliBSd51-luc, while functional Gli3 expression is indicated by repression of the Gli reporter ( Figure 2f and g) (Sasaki et al., 1997) . Qualitatively similar results indicating that Gli1 and Gli2 inhibit muscle differentiation were also obtained in C2C12 myoblasts ( Figure 2h and Supplementary Figure 2 ), which are a well-established model of muscle differentiation.
Gli1 and Gli2 inhibit the ability of MyoD to activate transcription
The MyoD family of bHLH proteins plays a central role in skeletal muscle differentiation and it is believed that inhibition of MyoD activity is an important step in rhabdomyosarcoma formation. Therefore, we tested whether Gli1 limits muscle differentiation through inhibition of MyoD activity. This analysis was accomplished with Localization of Smo to the primary cilium was verified by staining with anti-acetylated tubulin, which labels the primary cilium (not shown). In both cell lines, a subset of cells (B40%, data not shown) had detectable Smo expression (green as indicated by white arrows) in the primary cilium following culture in Shh-conditioned medium. A subset of cells also exhibited Myogenin expression (red as indicated by yellow arrows). There was a negative correlation between Smo expression in the primary cilium and myogenin expression (see Table 1 C3H10T1/2 cells, an established model to assess MyoD activity (Weintraub et al., 1991) . Co-transfection of C3H10T1/2 cells with Gli1 and MyoD substantially reduced the expression of several MyoD-responsive muscle reporters including Mgn-luc, MCK-luc and MyHC-luc in comparison to transfection with MyoD alone (Figure 3a ). Gli1 also inhibited the activation of a synthetic MyoD reporter, 4RTK-luc (Figure 3a ), which has four multimerized MyoD-binding sites placed upstream of the viral thymidine kinase (TK) promoter (Bengal et al., 1994) . We also tested whether Gli2 and Gli3 can inhibit the capacity of MyoD to activate transcription of 4RTK-luc in CH310T1/2 cells ( Figure 3b ). In this assay, Gli2 reduced the transcriptional activation by MyoD in a comparable fashion to Gli1 (compare Figure 3b to bottom graph of Figure 3a ), while Gli3 had little effect. This correlates with the capacity of Gli1 and Gli2 to inhibit differentiation of RMP, RMH and C2C12 cells and provides corroborative evidence that Gli1 and Gli2 inhibit myogenic differentiation through repression of MyoD-mediated transcriptional activation.
To identify specific domains of MyoD that are required for Gli-mediated inhibition, we analysed constructs with deletions in regions of MyoD (Figure 3c, top panel) . The overlapping deletion constructs encompassed all regions of MyoD except for the bHLH domain and included deletions of the N-terminal activation domain (NTAD) (MyoDD3-56) (Weintraub et al., 1991) and domains involved in the activation of genes within repressive chromatin (MyoDD78-91, MyoDD92-99 and MyoDD218-269) In addition to inhibiting MyoD-mediated activity, Gli1 inhibited the ability of both Myf5 and Mash1 to activate the E-box reporter (4RTK-luc); E12 was, however, refractory to inhibition by Gli1 (compare bottom row in all graphs to middle row). (Gerber et al., 1997) . Although the deletion constructs were generally weaker activators than wild-type MyoD, their abilities to activate a simple reporter were all substantially reduced by co-transfection with Gli1 ( Figure 3c, bottom panel) . Therefore, the major regions of MyoD, except the segment from amino acids 99 to 167 that encompasses the bHLH domain, were shown to be dispensable for Gli1-mediated inhibition.
The mapping of the region required for inhibition of MyoD by Gli1 to the bHLH domain led us to examine the effects of Gli1 on the activity of several other bHLH proteins: the myogenic bHLH protein, Myf-5; the neural regulator, Mash1, and the broadly expressed E12, which functions as a dimerization partner for tissue-specific bHLH factors such as MyoD. Co-transfection with Gli1 inhibited all activator constructs tested except E12 (Figure 3d ). Thus, Gli1 inhibits the capacity of several tissue-specific bHLH factors to activate transcription.
Multiple domains of Gli1 are required for inhibition of MyoD activity
To further understand the mechanism through which Gli1 inhibits the bHLH domain of MyoD, we constructed a series of deletion mutations that span the majority of Gli1 (Figure 4a ). Expression of transfected Gli1 mutant proteins in cultured cells was verified by Western blotting (Figure 4b ) and immunohistochemistry (data not shown). The capacity of these Gli1 mutations to prevent MyoD-mediated activation of the reporter Mgn-luc was assessed in transient transfections of C3H10T1/2 cells (Figure 4c ). The capacity of these mutants to inhibit the endogenous myogenic program in C2C12 myoblasts was also assessed (Figure 4d ). Several Gli1 mutations had a reduced capacity to inhibit myogenic gene activation in these assays including Gli1D1-243, which contains a deletion of the N-terminal portion of Gli1 including part of the first zinc finger; Gli1D764-1016, which contains a deletion of an internal region of Gli1 with no previously ascribed function; and Gli1D1020-1111, which contains a deletion of the C-terminal activation domain. Gli1 mutations containing deletions of other regions largely retained their capacity to inhibit myogenic gene activation.
To determine if Gli1-mediated inhibition of MyoD and muscle differentiation is correlated with the capacity of Gli1 to activate transcription, we analysed the activation of the Gli reporter 8xGliBSd51-luc by the various Gli1 deletion mutations (Figure 4e ) in C3H10T1/2 cells. As previously reported, the N-terminal region (Gli1D1-176) was dispensable for transcriptional activation in this assay, while the C-terminal region (Gli1D1020-1111) containing the Gli1 activation domain was required for activation (Yoon et al., 1998) . Deletion of a small portion of the zinc finger region (Gli1D1-243) also greatly reduced the activation of the Gli reporter. The internal deletions largely retained the capacity to activate transcription in this assay, with deletion of the region containing the putative nuclear export signal (Gli1D402À593) resulting in much stronger activation than wild-type Gli1 (Kogerman et al., 1999) . Intriguingly, both of the deletions that failed to activate the Gli reporter (Gli1D1-243 and Gli1D1020-1111) also failed to inhibit MyoD (compare Figures 4e to c-d) . However, a third deletion, Gli1D764-1016, retained the capacity to activate transcription but failed to substantially inhibit MyoD. Taken together, these results indicate that several regions of Gli1 with distinct functions are required for inhibition of MyoD.
Several domains of Gli2 with distinct functions have been previously described (Sasaki et al., 1999) . Like Gli1, Gli2 contains a C-terminal activation domain and a five zinc finger DNA-binding domain. Gli2 also contains an N-terminal domain that represses transcription in some contexts. We wondered whether the C-or Nterminal domains were required for inhibition of MyoD activity by Gli2. We tested the capacity of existing Gli2 mutations to prevent MyoD-mediated activation of 4RTK-luc in transient transfections of C3H10T1/2 cells (Figure 4f ). Similar to Gli1, the C-terminal region that contains the Gli2 activation domain and is absent in Gli2D1183-1544 and Gli2D641-1544 was required for inhibition of MyoD. Also similar to Gli1, the region that is N-terminal to the zinc finger domain and is absent in Gli2D1-280 was dispensable for inhibition of MyoD in this assay.
Gli1 reduces MyoD and E protein heterodimer formation
Reduction of heterodimer formation between MyoD and E proteins (including E12 and E47) (Massari and Murre, 2000) has been implicated as a mechanism by which various transcription factors inhibit the capacity of MyoD to activate transcription (Narumi et al., 2000; Sun et al., 2001) . We therefore tested if Gli1 reduces heterodimer formation between MyoD and E proteins. For this analysis, we utilized a GAL4-binding site reporter, pG 5 E1b-luc, and pSG424-MyoDbHLH (GAL4BMyoDbHLH), a fusion between the GAL4 DNA-binding domain and the MyoD bHLH domain previously used to assess for interactions and dimerization with the bHLH portion of MyoD in two-hybrid assays (Verzi et al., 2002) . Transfection of GAL4B MyoDbHLH alone or in combination with E12DN, an E protein construct that lacks an activation domain, resulted in low activity of the GAL4-binding site reporter (Figure 5a, lanes 1 and 3) . In comparison, co-transfection of wild-type E12 or an E47BVP16 activation domain fusion protein induced activation of the reporter (Figure 5a , compare lanes 1 and 3 to lane 5 and 8). Addition of Gli1 reduced the level of activation obtained by the addition of E12 (Figure 5a , compare lane 6 to 5), but had little effect on the activity of E47BVP16 (Figure 5a , compare lane 9 to 8). As E12 mediates activation in this assay through heterodimer formation between the E12 and the MyoD bHLH domains, these results are consistent with the conclusion that heterodimerization is reduced by Gli1. This effect appears to be overcome, however, by the VP16 activation domain present in the E47BVP16 fusion protein. This raises the possibility that the Gli-mediated reduction in GAL4BMyoDbHLH/E12 heterodimer activation of the GAL4-binding site reporter involves inhibition of the native E12 activation domain in the heterodimer context.
To further clarify whether the inhibitory effects of Gli1 on MyoD activity are attributable to reduced heterodimer formation, we utilized MyoDBE47, a fusion protein refractory to inhibition by proteins that prevent heterodimer formation of MyoD with E proteins (Neuhold and Wold, 1993) . The capacity of MyoDBE47 to activate 4RTK-luc was only slightly reduced (to 82%) by the addition of Gli1, in comparison to the substantial reduction (to 8%) in wild-type MyoD activity observed with the addition of Gli1 (Figure 5b) . Likewise, the activation of Mgn-luc by MyoDBE47 was reduced to 37% by the addition of Gli1, in comparison to a much stronger Gli1-mediated reduction (to 4%) of Mgn-luc activity by wild-type MyoD (Figure 5c ). We conclude that the obligate MyoDBE47 heterodimer is partially resistant to the inhibitory effects of Gli1. This supports the notion that one mechanism whereby Gli1 reduces the capacity of MyoD to activate transcription involves limiting MyoDBE12 heterodimer formation.
Gli protein reduces the formation of MyoD/E12 heterodimers that bind DNA To further explore the mechanistic basis for the inhibition of MyoD activity by Gli1, we tested the direct effect of Gli1 on the binding of MyoD/E12 heterodimers to DNA. For this analysis, we used electrophoretic mobility shift assays (EMSA) with an E-box from the Mef2c regulatory region that can be bound strongly by MyoD/E protein heterodimers ( Figure 6 , lane 3) (Dodou et al., 2003) . The addition of increasing amounts of Gli1 modestly reduced binding of the MyoD/E12 complex to this Mef2c E-box ( Figure 6 , lanes 4-6); similar results were obtained using an MCK E-box (not shown). These results suggest that Gli1 inhibits the formation of MyoD/E12/DNA complexes.
We also tested whether Gli2 and Gli3 could abrogate the formation of MyoD/E12/DNA complexes using EMSA. Gli2 appeared to cause a more profound inhibition of MyoD/E12/DNA complex formation ( Figure 6 , lane 10) than Gli1 (lane 9), while Gli3 had an effect that was similar to that of Gli1 (Figure 6 , compare lane 11 to 9). We also tested several control proteins, including Gata4, which is another zinc finger protein ( Figure 6, lane 12) , and an unrelated transcription factor, Xenopus Tcf7 (not shown); the addition of equal or greater amounts of control factors had only a small effect on MyoD/E12 binding to DNA. We conclude that Gli1 and Gli2 inhibit myogenesis in part by interfering with heterodimer formation and DNA binding of the MyoD family of bHLH proteins, a novel activity for the Gli protein family.
Discussion
Elevated Hh signaling and expression of the oncogene Gli1 is associated with rhabdomyosarcomas in humans and mice. As disruption of the normal MyoD familydependent myogenic program is thought to be a requirement for preventing terminal differentiation and cell cycle withdrawal in rhabdomyosarcoma (Merlino and Helman, 1999) , the novel capacity of Gli1 to inhibit transcriptional activation and DNA binding by MyoD provides a possible mechanism whereby Hh pathway activation promotes the formation of a specific tumor.
Our study complements and yet contrasts prior work showing that Hh signaling activates genes such as the cyclins and N-myc, which promote proliferation in a general fashion (Duman-Scheel et al., 2002; Kenney et al., 2003; Oliver et al., 2003) .
Our work supports a developmental model (Figure 7 ) where the Hh signal activates or maintains myogenic bHLH family expression during development (Gustafsson et al., 2002; Teboul et al., 2003) , while initially repressing myogenesis through Gli-mediated antagonism of transcriptional activation by MyoD and Myf5. In an extension of this model, persistent or inappropriate activation of Hh signaling in individual cells would prevent or retard normal terminal muscle differentiation and promote rhabdomyosarcoma formation. Parallels exist between the model we propose for Hh signaling and the activities of Pax3 and Pax7, which can play a causative role in rhabdomyosarcoma formation in the context of gain of function fusion with FKHR, a forkhead protein (Barr, 2001 ). In normal development, similar to the combinatorial effects of the Gli proteins (McDermott et al., 2005) , wild-type Pax3 and Pax7 both play roles in specifying portions of the muscle lineage (Tajbakhsh et al., 1997; Seale et al., 2000) . Moreover, like Gli1 and Gli2, overexpression of either Pax3 or Pax7 can prevent muscle differentiation (Epstein et al., 1995; Olguin and Olwin, 2004) . Recent reports also suggest roles for both Pax7 and Hh signaling in adult muscle satellite cells, which are undifferentiated, tissue-resident, myogenic stem cells (Koleva et al., 2005; Kuang et al., 2006; Relaix et al., 2006) . It would be interesting to determine whether active Hh signaling occurs in a less differentiated subset of cells within primary rhabdomyosarcoma tissue. Whether rhabdomyosarcoma arises secondary to aberrant satellite cell programming is also a subject of ongoing investigation (Keller et al., 2004a, b; Tiffin et al., 2003) . Figure 4 Multiple domains of Gli1 are required to inhibit transcriptional activation by MyoD. (a) Schematic diagram of Gli1 deletion constructs. Deletions of Gli1 were constructed that cover the N-terminal region (Gli1D1-171), the first zinc finger (Zn Fngr) (Gli1D1-243), the nuclear export signal (NES) (Gli1D404-593), and the C-terminal activation domain (AD) (Gli1D1020-1111), as well as two other internal regions of the protein for which no clear function has been ascribed (Gli1D572-707 and Gli1D764-1016). The numbers indicate the corresponding amino acid residues in the Gli1 protein. (b) Western blot showing comparable levels of protein expression of the various Gli1 deletion constructs depicted in (a) following transient transfection into Cos1 cells. Western blots were probed as indicated with primary antibodies against Gli1, FLAG and b-tubulin. FLAG-tagged Gli1 constructs were used as the available Gli1 antibodies that detect wild-type Gli1 in Western blots failed to detect untagged Gli1D1020-1111 and Gli1D764-1016, presumably because they recognize C-terminal motifs in wild-type Gli1 that are absent in the deletion constructs. The expression level of b-tubulin serves as the loading control. (c) Luciferase assays of muscle reporter (Mgn-luc) activity in C3H10T1/2 cells following transfection, as indicated, with a MyoD expression plasmid in conjunction with the various Gli1 deletions depicted in (a). Multiple Gli1 mutants, including those deleting the zinc finger domain (Gli1D1-243), the VP16-like activation domain (Gli1D1020-1111), and a region spanning amino acids 764-1016 of Gli1, failed to efficiently inhibit MyoD activity in this assay. (d) Luciferase assays of muscle reporter (Mgn-luc and MCK-luc) activity in C2C12 cells following transfection as indicated with various Gli1 deletions depicted in (a). Similar to (c) above, Gli1D1-243, Gli1D1020-1111, and Gli1D764-1016 exhibited a reduced capacity to repress myogenic gene activation. (e) Luciferase assays of Gli reporter (8xGliBSd51-luc) activity in C3H10T1/2 cells following transfection, as indicated, with the Gli1 deletions constructs. Gli mutants without the fully intact zinc finger domain (Gli1D1-243) or the C-terminal activation domain (Gli1D1020-1111) failed to efficiently activate the Gli reporter. In contrast, the three internal deletions tested were dispensable for activation in this assay. As previously reported, deletion of the region containing the NES (GliD404-593) resulted in stronger transcriptional activation by Gli1. Comparison of the regions required for transcriptional activation by Gli1 and those required for inhibition of MyoD (compare c to b) revealed that the zinc finger domain and the activation domain are required both for Gli1-mediated transcriptional activation and for inhibition of MyoD. In contrast, the region of Gli1 between amino acids 764-1016 is required for antagonism of MyoD activity but not for transcriptional activation. (f) Luciferase assays of MyoD reporter (4RTK-luc) activity in C3H10T1/2 cells following transfection as indicated with various previously described Gli2 deletions. Deletions that included the C-terminal activation domain of Gli2 (Gli2D1183-1544 and Gli2D641-1544) exhibited a reduced capacity to inhibit MyoD activity in this assay. Similar to our observations, other groups have noted decreased Hh signaling in ex vivo tumor cell lines generated from mice with abnormalities in Hh signaling (Romer et al., 2004; H Hahn, personal communication) . It was also recently reported that the growth of tumor allografts established from ex vivo Ptch1 þ /À medulloblastomas was no longer sensitive to Hh pathway antagonism (Sasai et al., 2006) . We favor a model where culture conditions allow the utilization of multiple signaling pathways to support growth of Ptch1 þ /À tumor cells. In that regard, gene expression signatures within primary human rhabdomyosarcomas are consistent with multiple active growth factor pathways (Blandford et al., 2006) and it has been previously proposed that such heterogeneity within tumors contributes to the development of resistance to therapy (Dai et al., 2004) . It would be interesting to determine whether an important role for the Hh pathway in promoting cell survival and tumor growth reemerges within Ptch1 þ /À tumor lines or allografts following selection with cytotoxic agents. Figure 6 Gli proteins reduce the formation of MyoD/E12 complexes bound to DNA electrophoretic mobility shift analysis (EMSA) of the effects of Gli proteins on the capacity of MyoD and E12 to form heterodimer/DNA complexes. In lanes 1-6, mixtures of in vitro translated (IVT) MyoD, E12 and Gli1 proteins were incubated with radiolabeled, double-stranded oligonucleotides spanning the Mef2c E2 MyoD-binding site. Lane 1: lysate alone; lane 2: Gli1 alone; lane 3: MyoD/E12 alone; lane 3-6: MyoD/E12 plus increasing amounts of Gli1. In samples where a particular protein was not included (denoted by a minus sign), an equal amount of unprogrammed reticulocyte lysate was included. The amount of MyoD/E12/DNA complex (labeled as shifted complex), which runs as a doublet, was modestly reduced with increasing amounts of IVT Gli1 lysate. Experiments in lane 7-12 were performed in a similar way. Gli1 (lane 9), Gli2 (lane 10), Gli3 (lane 11) and Gata4 (lane 12-control) were mixed with MyoD/E12 in this assay. All three Gli proteins appeared to reduce the amount of the MyoD/E12/DNA complex, with Gli2 exhibiting the most dramatic effect. Figure 5 Gli1 reduces the formation of MyoD and E protein heterodimers. (a) Luciferase assays of the GAL4-binding site reporter pG 5 E1b-luc in C3H10T1/2 cells following transfection. Combinations of the pSG424BMyoDbHLH plasmid encoding GAL4DBDBMyoDbHLH, a fusion between the GAL4 DNAbinding domain (DBD) and MyoD bHLH; E12DN, an E12 lacking the activation domain (lane 3 and 4); full-length E12 (lane 5 and 6); E47BVP16, a fusion protein between E47 and the VP16 activation domain (lane 7-9); and Gli1 were transfected as indicated. The addition of either E12 or E47BVP16 to GAL4DBDB MyoDbHLH allows MyoD bHLH to dimerize with E12 or E47 and provides an activation domain to the resultant heterodimeric DNA-binding complex. This leads to substantial activation of the pG 5 E1b-luc reporter (compare lanes 5 and 8 to 1). The addition of Gli1 reduced the activity associated with the full-length E12 and GAL4DBDBMyobHLH combination (compare lane 6 to 5), suggesting that Gli1 reduces the formation of MyoD and E protein heterodimers in this assay. This effect was overcome by the presence of the heterologous VP16 activation domain (compare lane 9 to 8). (b, c) The plasmids encoding MyoDBE47, a fusion protein between MyoD and E47, or wild-type MyoD were transfected into C3H10T1/2 cells with a control or Gli1 plasmid as indicated. Activation of the 4RTK-luc (b) and Mgn-luc (c) reporters was assayed as described. The addition of Gli1 resulted in less inhibition of MyoDBE47 than of MyoD (compare the shaded bars in each panel).
On the surface, our results demonstrating Glimediated inhibition of muscle differentiation appear opposite to previous reports that showed enhanced myogenic differentiation associated with Hh signaling (Amthor et al., 1999; Duprez et al., 1998; Kruger et al., 2001; Li et al., 2004) . Interestingly, however, our findings are consistent with inhibitory effects of Shh on muscle differentiation observed in other experimental conditions (Bren-Mattison and Olwin, 2002) . One explanation of these discrepancies is that the effects of the Hh signal on muscle differentiation in vivo are likely to vary with timing and level of Hh signaling (Wolff et al., 2003) . For example, activation of Hh target genes may be modulated by temporal changes in the cellular environment such as the extracellular matrix or the conformation of nuclear chromatin that impact signal transduction. In that regard, histone deacetylases (HDACs) are known to regulate muscle gene expression and MyoD family activity in a temporally dependent manner (Iezzi et al., 2002) . Although the MyoD family generally functions in activating muscle gene expression, certain muscle genes are actually repressed through the binding of MyoD to DNA in an HDAC1-dependent process (Puri et al., 2001; Mal and Harter, 2003) . Therefore, inhibition of MyoD binding to DNA induced by Hh signaling could potentially induce upregulation of a different subset of muscle genes, explaining the enhanced myogenic differentiation observed in certain experimental contexts (Duprez et al., 1998; Amthor et al., 1999; Kruger et al., 2001; Li et al., 2004) . In this fashion, elevated Hh signaling in a subset of tumor cells could also contribute to the heterogeneous partial differentiation phenotype observed in rhabdomyosar coma.
Our data suggest that Gli1 antagonizes MyoD activity through more than one mechanism. In support of this notion, multiple domains of Gli1 with distinct functions and activities were required for inhibition of MyoD activity. One mechanism appears to involve limiting MyoD/E12 heterodimer formation and DNA binding, a mechanism that is employed by many other transcription factors that inhibit MyoD activity such as Smad3 (Liu et al., 2001 (Liu et al., , 2004 , Sharp-1 (Azmi et al., 2003) and CHF2 (Sun et al., 2001) . It remains to be determined if this mechanism involves direct physical interaction between the Gli proteins and MyoD. A second mechanism whereby Gli1 inhibits myogenic differentiation is likely attributable to the actions of Gli target genes. Consistent with this notion, Gli2, which can function as a transcriptional activator, also inhibited myogenesis, while Gli3, which is not a strong transcriptional activator, failed to inhibit myogenesis. Gli3 did reduce the formation of MyoD/E12/DNA complexes in EMSA analysis, although direct comparisons of Gli1, 2, and 3 in this analysis are complicated by observations that Gli3 undergoes substantial post-translational modifications that may not be present within in vitro translated protein products (Dai et al., 1999; Aza-Blanc et al., 2000; Wang et al., 2000) . Further experiments are required to fully determine the distinct domains, biochemical properties and expression profiles of the Gli proteins that mediate inhibition of myogenesis and promote rhabdomyosarcoma formation. Indeed, Gli1 can at least partially substitute for Gli2 in development Figure 7 A simplified model of Hh signaling, myogenesis, and rhabdomyosarcoma. In response to Shh signaling, the Gli proteins participate in specifying myogenic precursors by promoting expression of members of the MyoD family including Myf-5 and MyoD (a). The Gli proteins also inhibit terminal differentiation of myogenic precursors by preventing the myogenic bHLH proteins from forming heterodimers with E proteins, binding DNA (E-boxes), and activating muscle gene transcription (b). Inhibition of differentiation, in combination with Shh-mediated activation of cyclins, allows for proliferation of the myogenic precursor pool (c). However, Shh signaling also activates Ptch1 and Hip1, both of which antagonize Shh signaling in a negative feedback loop (Chen and Struhl, 1996; Chuang and McMahon, 1999; Jeong and McMahon, 2005) (d) . As a consequence of attenuated Shh signaling, Gli-mediated antagonism of myogenic bHLH proteins is reduced. This allows muscle gene transcription, terminal differentiation and myotube formation to occur. However, when Shh signaling is not appropriately attenuated due to abnormalities in Hip1 or Ptch1, persistent inhibition of MyoD activity could promote proliferation and cancer formation. The molecular mechanisms that coordinately control the switches between different states during myogenesis in vitro and in vivo need to be further investigated. (Bai and Joyner, 2001) , while Gli2 can compensate for the absence of Gli1 in the formation of some tumors (Weiner et al., 2002) , suggesting that regulation of Gli transcription plays an important role in their functional differences. Although we only observed low levels of Gli2 expression in our tumor samples, since Gli2 appears to have the intrinsic capacity to inhibit myogenesis, it would be interesting to determine whether Gli2 is expressed in human rhadomyosarcoma.
The MyoD family has served as a paradigm for understanding the functions of other bHLH proteins, which are critical determinants of cell specification and differentiation in many tissues in addition to skeletal muscle. It is therefore notable that other bHLH proteins including Mash1, whose activity we demonstrated was inhibited by Gli1, are expressed in tissues and tumors where Hh signaling is active (Ball et al., 1993; Lu et al., 2000; Berman et al., 2002; Watkins et al., 2003) . Future investigations will be required to determine if inhibition of bHLH proteins such as MyoD and Mash1 is a general mechanism through which the Gli proteins modulate cell fate and promote tumor formation in different contexts. The relative contribution of the direct and indirect effects of the Gli proteins in modulating bHLH protein activity also remains to be determined.
Materials and methods
Molecular biology
Standard molecular biology techniques, including molecular cloning, genomic DNA preparation, RNA isolation, PCR, Southern analysis and histologic techniques were performed as described (Sambrook and Russell, 2001; Nagy et al., 2003) .
Iimmunohistochemistry and 5-bromo-4-chloro-3-indolyl-b-Dgalactopyranoside (X-Gal) staining Immunostaining was performed following standard procedures. Primary antibodies and dilutions used were: mouse antimyosin heavy chain (MyHC) MF20 at 1:10 (Developmental Studies Hybridoma Bank), mouse anti-myogenin F5D at 1:10 (gift of Stephen Tapscott), mouse anti-sarcomeric actin at 1:400, mouse anti-acetylated tubulin at 1:2000 (Sigma, MO, USA), rabbit anti-Smo at 1:500, and rabbit anti-Gli1 at 1:400 (Santa Cruz). Secondary antibodies (goat anti-rabbit Alexa 488 and goat anti-mouse Alexa 594 antibodies) were used at a dilution of 1:400. Nuclear staining was performed with a 4 0 ,6-diamidino-2-phenylindole (DAPI). The production of the antiSmo antibody will be described elsewhere.
For X-gal staining, the RMP, RMH, and the C2C12 cells were transfected with 0.1 mg of muscle reporter (e.g., MCKlacZ, RSV-lacZ) together with 0.3-0.4 mg of control or Gli expression plasmids. Following transfection cells were cultured in growth media for 24-48 h, switched into differentiation media and assayed after an additional 36-48 h. X-gal staining of cultured cells and tissue sections was performed following standard procedures.
Northern blot analysis
Total RNA was isolated from confluent cells grown on a 10-cm tissue culture dish using the Trizol reagent (Invitrogen) according to the manufacturer's instructions. Total RNA (B15 mg) was used in each lane and Northern blots were hybridized with probes specific to MyHC, mouse Gli1 and human GAPDH following standard procedures.
Plasmids, cell culture, transfections and luciferase assays Details on plasmids and the generation of rhabdomyosarcoma cell lines are contained in the supplementary material. The standard growth media used for all cell lines was DMEM (Cellgro) supplemented with glutamine, penicillin, streptomycin and 15% fetal bovine serum (FBS) (all from Invitrogen). For differentiation assays, the growth media was switched to DMEM supplemented with penicillin, streptomycin, glutamine, 1% heat inactivated horse serum (Invitrogen), insulin (10 mg/ml) (Sigma) and transferrin (10 mg/ml) (Sigma).
Transfections were performed using Lipofectamine Plus reagents (Invitrogen, CA, USA). The day before transfection, 0.5 Â 10 5 cells were plated in 24-well dishes. For transfection of the RMP, RMH, and the C2C12 lines, 0.1 mg of muscle reporter (e.g., MCK-luciferase, Mgn-luciferase) or Gli1 reporter (8xGliBSd51-luciferase) and 0.05 mg of CMV-Renilla luciferase were co-transfected with 0.3-0.4 mg of control or Gli expression plasmids. For transfection of C3H10T1/2 cells, 0.1 mg of muscle reporter (e.g., MCK-luciferase, Mgnluciferase, MyHC-luciferase, 4RTK-luciferase, 8xGliBSd51-luciferase) and 0.05 mg of CMV-Renilla luciferase were co-transfected with 0.1 or 0.2 mg of control or activator plasmid (e.g., EMSV-MyoD, MyoDBE47 and various deletion constructs of MyoD, EMSV-Myf5, RSV-Mash1 and CS2-E12) and 0.2 mg of control or Gli expression plasmid (including various Gli1 deletion constructs). Alternatively, 0.1 mg of GAL4-binding site reporter pG5E1b-luciferase and 0.05 mg of CMV-Renilla luciferase were co-transfected with 0.1 or 0.2 mg of activator plasmid (e.g., GAL4DBDBMyoDbHLH) and different combinations of 0.2 mg of expression plasmids encoding Gli, E12DN, E12 or E47BVP16. DMEM with 1.5 ml of plus reagent was added to each DNA mix to a total volume of 25 ml. An equal volume of DMEM with 1.5 ml of lipofectamine was also prepared for each sample. After 15 min at room temperature, the DMEM/DNA/Plus reagent was mixed with the DMEM/lipofectamine. After another 15 min, the 50 ml mix was added to 200 ml of DMEM and added to each well of cells. The cells were incubated at 371C for 3-4 h after which the media was changed to regular growth media. Following transfection cells were cultured in growth media for 24-48 h, switched into differentiation media and assayed after an additional 36-48 h.
Luciferase assays were performed using the Promega's DualLuciferase Reporter (DLR) Assay system. Briefly, cells were harvested in 125 ml of 1x Passive Lysis Buffer (Promega, WI, USA) and 10 ml of lysate was used for analysis. Luciferase assay buffer (40 ml) was added to each well and the luminescence was determined. Stop Reagent (40 ml) was added to each well and luminescence was again determined. Luminescence readings and sample processing were accompanied using a Luminescence Microplate Reader (Molecular Devices, CA, USA). Each luciferase assay was done in triplicate and normalized to a co-transfected CMV-Renilla luciferase control. All experiments were repeated multiple times. Normalized averages and standard deviations were shown. As noted in the figures, activity is depicted as a percentage relative to the activity achieved in the absence of Gli proteins, which was set at 100%.
Shh-conditioned medium was prepared from transfected Bosc23 cells as previously described (Chen et al., 2004) . For immunohistochemical analysis of Smo expression in the primary cilium, cells were cultured in Shh-conditioned medium for 24 h and then in differentiation media for 12 h. The expression of myogenin in groups of cells with Smo in the primary cilium was compared to expression of myogenin in the cell population as a whole. For statistical analysis, the average percentage of cells with Smo expression in the cilium that expressed myogenin was compared to the average observed in the whole population using a t-test on five groups of 20 cells.
Western blotting
Western blots were performed following standard procedures. Dishes (3.5 cm) of Cos1 cells at 50% confluence were transfected with 1.5 mg of various Gli1 expression plasmids. Transfection efficiencies were monitored by co-transfection with a GFP expression plasmid. Cells were harvested 48 h after transfection and proteins analysed using standard procedures. Primary antibodies and dilution used were rabbit anti-Gli1 (1:1000) (Santa Cruz), mouse anti-FLAG (1:2000) (Sigma) and mouse anti-b-tubulin (1:2000) (Sigma, MO, USA).
Electrophoretic mobility shift assay Double-stranded oligonucleotides (2 mg) representing the Mef2c E2 E-box were labeled with 32 P-dCTP and purified on a nondenaturing polyacrylamide-TBE gel. Recombinant proteins were generated from pCITE2B-MyoD, pCITE2A-E12, pcDNA-Gata4, pcDNA-Myc Gli1, pcDNA-FLAG Gli2, pcDNA-FLAG Gli3 and pT7XTcf plasmids using the TNT Coupled Transcription/Translation System according to the manufacturer's instructions (Promega). Combinations of translated products were mixed as indicated in the text and legend of Figure 6 and total lysate amount added to binding reactions was kept constant through the addition of unprogrammed lysate. Binding reactions consisting of lysate mixtures (5-5.5 ml) and 1 mg of poly dI-dC (Sigma) in 1 Â binding buffer (40 mM KCL, 15 mM HEPES ph 7.9, 1 mM EDTA, 0.1 mM DTT, 5% glycerol) were incubated for 10 min prior to probe addition. Reactions were incubated for an additional 20 min at room temperature after probe addition and electrophoresed on a 6% nondenaturing polyacrylamide-TBE gel. Similar quantities of Gli1, Gli2, Gli3 and Gata4 protein generated from in vitro transcription/translation were used in EMSA as visualized on SDS-PAGE.
